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Abstract 
 
Ten montmorillonite type clay samples from Miles, Queensland, Australia, have been 
characterised using XRD, ICP-AES and infrared spectroscopy. The Na-exchanged 
sample DH-30 was used for pillaring with Al13 by exchange with an Al(NO3)3/NaOH 
solution with an approximate OH/Al molar ratio of 2.2. The XRD pattern for the 
expanded smectite provided evidence that the Na/Al13 polymer exchange had 
occurred. XRD patterns for the raw sample, the Na-exchanged clay and the Al13 
exchanged clay resulted in d-spacings of 15.09, 15.73 and 17.42 Å, respectively. 
Calcination at 600°C of the Al13-smectite led to a minor decrease in basal spacing to 
approximately 16.5 Å. The effect of temperature on the Al13-expanded smectite was 
also apparent when the d-spacing of an air-dried sample (19.44 Å) was compared to 
that of an oven-dried (60oC) sample (17.42 Å). This difference was due to the loss of 
water molecules from the Al13 outer sphere of hydration. 
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1. Introduction 
 
Clay minerals such as kaolinites, montmorillonites and saponites are ubiquitous in 
nature and as such, have been widely investigated. Montmorillonites are hydrous 
silicates capable of intercalating molecules and ions. Like zeolites, they have ion-
exchange properties, often with high selectivity, and a wide range of applications 
including catalysis. In pillared clays very large cations have been intercalated to form 
“pillars” propping the layers apart. As a result diffusion, sorption and catalytic 
properties are improved (Kloprogge, 1998). Heating the clays gives stability to the 
pillared clay by promoting permanent bonding between the pillar and the layers. The 
resultant materials have small cavities and a large surface area. These properties 
together with their low cost, make them ideal for use as alternative catalysts to 
zeolites. They are also commonly employed in the petroleum industry for filtering 
long-chain hydrocarbons and azeotrope cracking. 
 
Barrer and McLeod (1955) did some of the pioneering work on the intercalation of 
organic compounds into clays. Unfortunately the organic and organometallic pillars 
that were used decomposed at relatively low temperatures causing the clay interlayers 
to collapse. Modern pillared clays of this type are used as gelling agents, fillers and 
thickeners. 
 
The oil industry, in subsequent years, instigated a majority of the development of 
catalysts with research centring on the evolution of materials with relatively large 
pore-sizes and the ability to deal with larger molecules, as well as good thermal and 
hydrothermal stability. This led to the development of inorganic polyoxocations as 
pillaring agents, providing thermally stable clays with a high specific surface area 
(200 to 500 m2g-1) which when calcined, produced fixed metal oxide pillars. Brindley 
and Sempels (1977), Lahav et al. (1978), Vaughan and Lussier (1980) and Vaughan et 
al. (1979,1981a,b) were the first to report on the formation of clays pillared by Al 
polyoxocations with basal spacings of 17 to 18 Å and high thermal stability (to 
500oC). 
 
Most of the research published so far has dealt with the use of the Al polyoxocation as 
pillaring agent. Solutions containing this complex are prepared through forced 
hydrolysis either by addition of a base to AlCl3 or Al(NO3)3 solutions, up to an OH/Al 
molar ratio of 2.5, or dissolution of Al powder in AlCl3. 27Al NMR and small-angle 
X-ray scattering have shown that the most important cationic complex formed is most 
likely to be the tridecamer [AlO4Al12(OH)24(H2O)12]7+ (Rausch and Bale, 1964;  Akitt, 
1989; Kloprogge et al., 1992). These partly hydrolysed solutions can also contain 
species other than the Al13 polyoxocation (Sterte and Otterstedt, 1987). In general, to 
obtain pillared clays, partially hydrolysed Al solutions with an effective charge of 
approximately +0.5 per Al are required to be mixed, in dilute form, with a dilute clay 
suspension followed by careful washing (Schoonheydt et al, 1993). 
 
In a recent publication by Kloprogge et al. (1992) the variance of Al13 polymer 
content in the pillaring solution with temperature, injection rate, mixing conditions 
and other factors have been described. It was concluded that the greatest amount of 
Al13 polymer achieved for OH/Al molar ratios in the range 1.2 to 2.6 was for an 
approximate ratio of 2.2. The amount of Al13 able to be exchanged for the original 
interlayer cation was also found to be dependent upon the pH of the pillaring solution. 
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This study aims at characterising ten clay samples from Miles, Queensland, Australia, 
in terms of their clay type, cation exchange capacity and suitability for pillaring with 
the Al13 complex. Pillaring of naturally occurring smectites forms new molecular 
sieves/heterogeneous catalysts, which would add value to the raw clay. Australia, and 
Queensland in particular, is rich in smectite deposits that may be suitable as source 
clays for the preparation of these pillared clays. This study investigates the suitability 
of the clays from Miles for the preparation of pillared clays; it will also provide a 
basis for further detailed study on the catalytic properties of the clays. 
 
2. Materials and methods 
 
Each of the clay samples from Miles, Queensland, Australia, was received in the form 
of a fine powder but the grinding conditions were not specified. To obtain samples 
suitable for Al-pillaring experiments, selected clay samples were sodium-exchanged. 
Firstly the ≤ 2 microns fraction of the samples were separated by sedimentation. The 
final suspension was washed with a 1M NaCl solution. After constant stirring for 8 
hours, the suspended particles were allowed to settle out. This procedure was repeated 
twice and then the final suspension was washed five times with deionised water in 
order to remove residues of NaCl. The Na-exchanged clays were analysed by Induced 
Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) and the purest sample 
was selected for pillaring using an aluminium nitrate solution and sodium hydroxide.  
To the aqueous clay suspension was added enough Al(NO3)3 (0.2M) to ensure full 
expansion. The tendency for aluminium hydroxide to precipitate out meant there was 
a need for a slow rate of addition, heat and the vigorous stirring.Using a peristaltic 
pump at a rate of ~0.9ml/minute, NaOH (~0.088 moles) was injected under vigorous 
stirring at room temperature. This gave a final OH:Al molar ratio of about 2.2.  
The final solution containing clay, aluminium nitrate and sodium hydroxide, was 
constantly stirred for 4 hours and allowed to stand for several days. The pillared clay 
was then washed 5 times with deionised water using a centrifuge and allowed to dry. 
Two samples of the pillared smectite were obtained; one was dried in air at ambient 
room temperature and the other in an oven at 60oC overnight. 
 
2.1. X-ray powder diffraction 
 
X-ray powder diffraction (XRD) patterns were recorded with a Philips PW 1050/25 
diffractometer using CuKα radiation in the region between 3 and 73 °2θ at a speed of 
2° per minute and a step size of 0.05°. 
 
2.2. Fourier-transform infrared (FTIR) spectroscopy 
 
All samples were oven-dried at 120°C to remove any adsorbed water. Each sample 
(1mg) was finely ground for one minute, combined with oven-dried spectroscopic 
grade KBr (± 250mg) and pressed into a disc under vacuum.  The spectrum of each 
sample was recorded in triplicate by accumulating 64 scans at 4 cm-1 resolution 
between 400 cm-1 and 4000 cm-1 using the Perkin-Elmer 1600 series Fourier 
transform infrared spectrometer equipped with a LITA detector.   
 
Data interpretation and manipulation were carried out using the Spectracalc software 
package GRAMS (Galactic Industries Corporation, NH, USA) and Microsoft Excel. 
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The positions and intensities of the bands were determined by band component 
analysis using the Jandel ‘Peakfit’ software package. 
 
2.3. Elemental analysis  
 
The oven-dried powdered samples weighing exactly 0.200g were placed separately  
on glass weighing dishes and transferred quantitatively to pre-cleaned (nitric acid) 
digestion bottles. Each sample was then digested with 5ml of a mixture of 1 part nitric 
acid, 3 parts hydrochloric acid and 16 parts hydrofluoric acid, and allowed to stand for 
several days.  After digestion, the samples were cooled in an ice-bath and 50ml boric 
acid was added with vigorous stirring. Then 30ml of deionised water was added and 
the solution was diluted to 200ml. For each sample a blank and a set of elemental 
standards were run to calibrate the instrument response. The final concentrations in 
the solutions of the dissolved cations were determined by ICP-AES using an ARL 
34000 instrument. 
 
3. Results and discussion 
 
3.1. Characterisation of the raw clay before cation exchange 
The XRD patterns (Fig. 1) showed that all ten samples were mainly composed of 
montmorillonite accompanied by quartz. Some samples contained kaolinite or 
pyrophyllite. The results are summarised in Table 1. The positions of the basal 
spacings of the montmorillonites varied between 11.5 and 15.0 Å indicating different 
extents of interlayer water possibly related to differences in interlayer cation 
composition and in relative humidity during measurement. Several samples show 
variation in the number of intercalated water layers in the interlayer even within a 
single crystal as shown by the asymmetric shape of the basal reflection with two 
maxima around 12 and 15 Å. Afater saturation with Na+ ions,  a sharper single basal 
reflection appeared around 15.8 Å (Fig. 2) due to the removal of the variation in 
interlayer cation species and the associated differences in interlayer water uptake. 
Glycolation of the montmorillonites also resulted in an expansion to a single basal 
spacing of about 17.5 Å (Fig. 2). 
 
The ICP-AES analyses of the clay samples as received from the supplier, are reported 
in Table 2. The results are consistent with montmorillonite being the major clay 
mineral containing significant amounts of Fe, Mg and Ti in its structure. No large 
variations in the montmorillonite compositions are observed. However, significant 
variations are found in the relative amounts of the interlayer cations Ca, K and Na as 
indicated by ICP-AES. Interlayer Mg may also vary in amount but this could not be 
distinguished form structural Mg. This proves that the variation in interlayer water 
layers is primarily due to differences in the interlayer cation composition as the XRD 
pattterns would suggest. Remarkable is the large variation in the content of Ba, Sr and 
Mn with that of Sr ranging from 114 to 770 ppm, and of Ba from 212 to 1401 ppm. 
The Mn content is even higher and varies between 0.002 and 0.163 %. The XRD 
measurements cannot confirm whether these elements are incorporated in the clay 
structure or are represent impurities of secondary minerals.  
 
3.2. Montmorillonite pillared with Al13 
Exchange of the Na-ions in montmorillonite DH30 (containing some quartz as 
impurity) with Al13 polyoxocations gave a material with a basal spacing of 19.4 Å 
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after air-drying (Fig. 3). This value agrees well with values previously reported for 
Al13 expanded montmorillonites (Lahav et al., 1978; Occelli and Tindwa, 1983; Malla 
and Komarneni, 1990; Gu and Doner, 1990; Kloprogge et al., 1994). After drying at 
60°C the basal spacing decreased to 17.5 Å, indicating partial removal of the outer 
water molecules from the Al13 complex. Treatment with ethylene glycol of the sample 
that had been dried at 60°C led to a slight increase in basal spacing. This would 
suggest that, although the outer water molecules are removed from the Al13 
polyoxocation, no firm bonding has yet occurred between the clay layers and the Al13. 
Calcination at 600°C resulted in a slight decrease in basal spacing to about 16.5 Å, 
due to the conversion of Al13 to the oxide form. 
 
The low frequency regions of the infrared spectra of the untreated and Al13 expanded 
(air and 60°C) montmorillonites (Fig. 4) are very similar but the latter show a very 
small low intensity band around 667 cm-1. This is not really surprising, as the Al13 
polyoxocation has not formed any bonds with the adjacent clay layers at 60°C. The 
lattice vibration at 667 cm-1 can be ascribed to the Al-O bond of tetrahedrally 
coordinated Al cations in the centre of the Al13 pillars. Using a different 
montmorillonite Kloprogge et al. (1999) have detected a similar band at a slightly 
lower wavenumber (around 642 cm-1). In addition the intensity of the water bending 
vibration band around 1635 cm-1 increases after expansion with Al13 polyoxocations 
due to the water molecules in the Al13 structure.  
 
More informative than the bending region is the hydroxyl-stretching region from 
about 2600 to 4000 cm-1 (Fig. 5). The spectrum of untreated montmorillonite shows 
three different bands around 3638, 3433, and 3224 cm-1. The band at 3638 cm-1 is 
ascribed to the metal-OH in the clay octahedral layer whereas the other two bands are 
associated with water in the interlayer and adsorbed on the clay surface (Kloprogge et 
al., 1999). Expansion of the montmorillonite with the Al13 results in the formation of a 
small band at 3699 cm-1 and a relatively broad band near 3000 cm-1. The 3699 cm-1 
band is associated with Al-OH in the Al13 structure whereas the broad 3000 cm-1 band 
represents the OH-stretching mode of water molecules in Al13. The intensity of the 
3224 cm-1 band due to interlayer water slightly decreases after exchange of sodium 
with Al13, but some water is still present in the interlayer space between the pillars. 
 
4. Conclusions 
 
The results of this investigation show that the clay deposits from Miles in Queensland, 
Australia, mainly consist of montmorillonite with varying amounts of quartz, kaolinite 
and pyrophyllite impurities. Based on detailed characterisation by X-ray diffraction 
and chemical analysis, the purest sample has been selected for the preparation of an 
Al13-pillared clay with potentially interesting catalytic properties. X-ray diffraction 
and infrared spectroscopy showed that pillaring of these montmorillonites can be 
achieved without any difficulties. The Miles deposits may serve as a source for the 
preparation of pillared clays useful in heterogeneous catalysis. 
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 Table 1. XRD analysis of the Miles clay samples. 
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DH30 + 15.1 - + - 
DH123 6-10 + 14.9 - + + 
DH123 15-18 + 11.9 - + ± 
DH124 5-7 + 12.7 - + ± 
DH124 7-13 + 13.0 ± + ± 
DH125 3-7 + 13.1 ± + ± 
DH125 7-10 + 12.8 + + - 
DH141 18-23 + 12.8 - + - 
DH157 9-11 + 13.9 + + - 
DH168 17-18 + 11.5 - + ± 
 
+ = major component, clearly present 
± = impurity 
- = absent 
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Table 2. ICP-AES analyses of the as-received Miles clay samples (% of total composition including O and H). 
 
 
Sample 
Si Al Fe Mg Ti Mn Ca Na K P Sr(ppm) Ba(ppm) 
DH30 60.71 14.34 2.987 1.760 0.532 0.003 0.538 1.444 0.663 0.058 265 309 
DH123 6-10 64.89 14.35 2.206 0.957 0.543 0.163 4.574 2.835 1.295 0.150 504 954 
DH123 15-18 69.22 13.13 2.079 1.271 0.317 0.014 1.143 2.571 0.786 0.109 657 1401 
DH124 5-7 70.28 14.11 2.317 1.274 0.407 0.008 0.557 1.728 1.034 0.045 771 513 
DH124 7-13 63.75 17.81 2.780 1.684 0.739 0.009 0.887 2.064 1.287 0.065 252 212 
DH125 3-7 69.88 13.84 2.307 1.450 0.467 0.005 0.477 1.426 0.616 0.032 218 620 
DH125 7-10 62.82 17.68 3.117 1.742 0.800 0.002 0.477 1.824 1.055 0.045 198 682 
DH141 18-23 63.25 18.46 2.571 1.208 1.137 0.002 0.404 0.692 0.703 0.095 114 1075 
DH157 9-11 68.02 15.38 2.654 1.696 0.564 0.005 0.661 1.933 0.594 0.057 157 318 
DH168 17-18 67.11 14.48 2.750 2.205 0.386 0.010 0.881 2.180 0.610 0.117 223 301 
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FIGURE CAPTIONS 
 
Figure 1 XRD patterns of the bentonite samples from Miles, Queensland: (a) 
DH30, (b) DH123 6-10, (c) DH124 5-7, (d) DH124 7-13, (e) DH125 3-7, 
(f) DH141 18-23 and (g) DH157 9-11. 
Figure 2 XRD pattern of the basal reflection of the untreated, Na-exchanged and 
glycolated montmorillonite DH123 6-10. 
Figure 3 XRD pattern of the basal reflection of untreated, Na-exchanged, Al13-
exchanged (both air and 60°C dried) and the glycolated Al13-exchanged 
montmorillonite DH30. 
Figure 4 Infrared spectra in the range 400-1800 cm-1 of the untreated and Al13-
expanded montmorillonite after drying in air and at 60°C. 
Figure 5 Band component analysis of the infrared spectra in the hydroxyl-
stretching region of the untreated and the air and at 60°C dried Al13-
expanded montmorillonite. 
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